University of Memphis

University of Memphis Digital Commons
Electronic Theses and Dissertations
4-17-2017

Building 3-D Geometry of Retinal Vasculature From Optical
Coherence Tomography Volume Scans
Wasi Uddin Ahmed

Follow this and additional works at: https://digitalcommons.memphis.edu/etd

Recommended Citation
Ahmed, Wasi Uddin, "Building 3-D Geometry of Retinal Vasculature From Optical Coherence Tomography
Volume Scans" (2017). Electronic Theses and Dissertations. 1618.
https://digitalcommons.memphis.edu/etd/1618

This Thesis is brought to you for free and open access by University of Memphis Digital Commons. It has been
accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of University of
Memphis Digital Commons. For more information, please contact khggerty@memphis.edu.

BUILDING 3-D GEOMETRY OF RETINAL VASCULATURE FROM OPTICAL
COHERENCE TOMOGRAPHY VOLUME SCANS
by
Wasi Uddin Ahmed

A Thesis
Submitted in Partial Fulfillment of the
Requirements for the degree of
Master of Science

Major: Electrical and Computer Engineering

The University of Memphis
May 2017

ACKNOWLEDGEMENT
I am extremely grateful to my advisor Dr. Madhusudhanan Balasubramanian, Assistant
Professor in the Department of Electrical and Computer Engineering (EECE), At The University
of Memphis for his undue encouragement, guidance as well as inspiring me throughout my
graduate studies.
I would also like to express my gratitude to my committee members, Dr. Aaron L. Robinson
and Dr. Hasan Ali for their support and advice. This study would not have been possible without
the graduate teaching assistantship from the EECE department and research assistantship from
Dr. Balasubramanian.
The research work presented here was supported in part by research funding from the
National Eye Institute, National Institutes of Health grant EY020518 and in part by a startup
funding for Dr. Balasubramanian from the Herff College of Engineering, The University of
Memphis.
I would like to express my gratitude toward my parents whose generous sacrifices and
support made this work possible. Finally, I would like to thank my lab mates and friends for
being a part of my graduate studies and for their help.

ii

ABSTRACT
Assessing vascular structure of the retina is useful for diagnosis and management of
pathological conditions of the eye such as glaucoma, diabetic retinopathy, vein occlusion and
retinal neo-vascularization. Optical coherence tomography (OCT) is an optical imaging
technique based on the principle of low-coherence interferometry and can be used to image
various ocular structures non-invasively. Ocular structures such as blood vessels and collagen
with high optical absorption and/or scattering significantly attenuate OCT light propagation and
thus, cast shadows below these highly attenuating locations in OCT a-scans. An improved
attenuation compensation procedure is presented to minimize shadows and resolve tissue
structure by solving an integral equation with exponential non-linearity that govern OCT light
transport in a tissue. Frangi filter was used to extract retinal blood vessel network from 2D
photographs and 3D OCT scans of the retina. The location and orientation of retinal blood
vessels were identified using eigen analysis of the Hessian matrix at each retinal location.
Vessels of varying diameters were identified by conducting eigen analysis at multiple scales
using scale-space theory. Further, a 3-D geometrical model of the vessel network was extracted
from the scale-space analysis. Our methodology was evaluated using 2D photographs of human
subjects and 3D OCT volume scans of the retina of porcine eyes. Results demonstrate that the
proposed attenuation compensation procedure and retinal vessel extraction from OCT scans
using Frangi filter is feasible. Matlab, Python, VolView and VTK software libraries were used
for software analysis and visualization.
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1. INTRODUCTION
Assessing vascular structure of the eye is useful for diagnosis and management of various
ocular diseases such as glaucoma, ocular manifestations, retinal abnormalities and hemorrhages,
vein occlusion, neo-vascularization diseases. Documenting the position of blood vessels is also
useful for specifying the relative geometric locations of the optic disk, lesions and fovea.
Abnormalities in the appearance of the blood vessel, its diameter, color and tortuosity are
useful indicators of several ocular conditions. Neovascular condition in diabetic retinopathy
causes weaker new vessel growths that debilitates and leak blood and fluid into retina. Retinal
blood vessel damage is also common due to hypertension. Central retinal vein occlusion is
another vascular condition in which blood starts to leak from blood vessels causing damage to
the retina.
Ocular structures can be non-invasively imaged using optical imaging instruments such as
photography, confocal scanning laser microscope, and optical coherence tomography (OCT).
Ocular structures with high optical absorption and/or scattering may significantly attenuate the
OCT signal propagation beyond these highly attenuating locations in the eye. For complete
estimate of the tissue characteristics, it is useful to recover the tissue resolution below these
attenuating locations.
In this thesis, we present a modified attenuation compensation procedure that is adaptive to
the tissue being imaged to compensate for OCT signal attenuation near highly attenuating
structures such as blood vessels. The attenuation compensation procedure presented in this
thesis is a modification of the adaptive compensation technique developed by Hughes and Duck
[1] and adapted for applications in OCT by Girard M, et al [2]. Further, we present applications
of Frangi filter to enhance and extract vascular structure from the optical images of the retina.
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2. BACKGROUND
2.1. ANATOMY OF EYE:
Lights enter the eye through the cornea, passes through the pupil and becomes focused on the
retinal layers by the lens. The iris controls how much light reaches the retinal layers. The retina
consists of 10 distinct layers. There are two types of photoreceptor cells namely rods and cones.
Cones are less sensitive to light than rods. Rods are insensitive to color and are useful for low
light vision. On the other hand, cones provide daylight color vision. Light crosses neuronal
layers to reach the photoreceptors because photoreceptors lie underneath the neuronal cells and
close to retinal pigment epithelium (RPE) in retina. [3-5]. Fibers of the neuronal cells help to
guide light to photoreceptors. RPE also absorbs light and thus prevents light backscatter onto the
photoreceptors. (Figure 2.1)

Figure 2.1: Human Eye Schema
Bipolar and horizontal cells of nuclear layer combine chemical responses of photoreceptors
and pass the responses to ganglion cells of ganglion cell layers. Ganglion cells convert chemical
responses to electric responses. Axons of ganglion cells group together to form the optic nerve
2

and carry electric signals to The visual cortex of the brain for image representation. Optic nerve
fibers run parallel and exit the eye at optic disc. [6] An optic nerve exits the eye through scleral
canal. A healthy human eye has more than one million optic nerve head.
Functionality of the eye heavily depends upon maintaining eye shapes and convex shape of
cornea. Maintaining eye shapes and convex shape of cornea controlled by intraocular pressure
(IOP), in the range of 10 to 21 mmHg above atmospheric layer. IOP is maintained by aqueous
humor production and outflow. Aqueous humor is a clear liquid which helps to distribute
nutrition and immune responses to lens, iris in case of infections. Aqueous humor also helps to
clear metabolic wastes. [7]

2.2. RETINAL VASCULAR STRUCTURE OF HUMAN EYE:
Gas exchange in the lungs oxygenates the blood. Oxygenated blood from the lungs reaches
the left atrium of the heart through pulmonary veins. The left atrium relaxes and pushes the
blood to left ventricle. The oxygenated blood then goes to aorta. Arteries carry oxygenated blood
to different parts of the body and they further branch into capillaries to reach different organs of
the body. Blood ends become deoxygenated and blood Capillaries are mixed with thicker blood
vessels called veins. Veins carry deoxygenated blood to right side of the heart into the pulmonary
artery that carries deoxygenated blood to lungs for oxygenation.
Fig. 2.2 shows a schematic representation of the vascular structure and blood supply in the
retina. Branches of the ophthalmic artery namely the central retinal artery and ciliary retinal
trunks provide blood supply to the eye. The central retinal artery mainly provides blood supply to
retina; central retinal artery enters through the optic nerve head. In the optic nerve, artery divides
in two trunks and each of these trunks separate to form superior and inferior nasal trunks. They
provide blood supply to four quadrants of the retina.
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(a) Schematic representation of retinal
vasculature in the optic nerve head region

(b) Schematic representation of
blood supply to the optic nerve

Figure 2.2: Schematic representation of retinal vasculature and retinal blood supply to the
optic nerve head. Source: Andand-Apte B, et al [8]

The retinal arterial system in the human eye does not communicate with other arterial
systems. For this reason, blood supply in each quadrant comes from dedicated retinal artery and
vein. If blood supply faces any blockage, then it is called infarction.. A larger artery extends
within the retina and moves towards the periphery and the larger artery divides into vessels with
smaller diameters until they reach ora serrata. From there the blood supply returns to the venous
drainage system. From retinal arteries and veins, arterioles and venules form a capillary network
in the inner retina. The central retinal vessels branch into two capillary layers and feed the
4

ganglion cell layer and the inner nuclear layer. There are no blood supply from the central retinal
artery to the photoreceptor layer. Choriocapillaris provide blood supply to photoreceptors.
The rate of retinal blood circulation is about 1.6-1.7 ml/g of retina where mean circulation
time is 4.7s. Rate of blood flowing in retinal vessels is comparatively lower than that of the
choroidal vasculature. [8]

2.3. OPTICAL COHERENCE TOMOGRAPHY
Optical coherence tomography is based on the principle of low coherence interferometry and
is useful for imaging the internal microstructure of living tissue at a high axial resolution (~3
nm). [9-12]. The principle design of OCT is similar to that of optical coherence-domain
reflectometry (OCDR), a one-dimensional (1-D) optical ranging technique. [13, 14] with
applications in assessing fiber optic cables and network components, imaging ocular structures
[15-17] and other living tissues. [18, 19] OCT has optical sectioning ability which differs from
the conventional bright field and confocal microscope. Using OCT, it is possible to achieve
imaging depth exceeding 2 cm in transparent tissues like blood vessels and other structures of
eye. [20-24].
OCT is based on the principle of measuring echo time delay of a light backscattered or back
reflected from a specimen and the intensity of backscatter similar to ultrasound. Because the
speed of light is very high, it is not possible to directly measure the echo time delay. Instead,
OCT uses the principle of comparing the echo from a known distance (reference) with that of
echoes coming from multiple depths in a specimen based on how they interfere. The echoes
interfere either constructively or destructively based on the time delay 𝜏𝜏 of echo from the sample
and is captured using an interferometer. With 𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 (𝑡𝑡) as the electric field corresponding to the
reference beam and 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡 + 𝜏𝜏) as the electric field corresponding to the beam from the
5

sample arm, their interference is 𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 (𝑡𝑡) + 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡 + 𝜏𝜏). Since, intensity of light is proportional
to square of the electric field, intensity of the interferogram is proportional to the correlation or
temporal coherence function 𝐺𝐺(𝜏𝜏) = 𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 (𝑡𝑡) ∗ 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡 + 𝜏𝜏) which measures the degree of
correlation between the reference beam and the beam from the sample.

Figure 2.3: Schematic diagram of a Michelson interferometer with a movable sample arm
The threshold of the delay 𝜏𝜏𝑐𝑐 for which the coherence function drops below a critical value is

known as the coherence time. Using coherence time, the coherence length of the light source is
defined as 𝑙𝑙𝑐𝑐 = 𝑐𝑐 𝜏𝜏𝑐𝑐 , where 𝑐𝑐 is the speed of light. Coherence of a light source is defined based
on its coherence length. [25]

OCT is based on a low coherence interferometer such as the Michelson interferometer whose
schematic diagram is shown in Fig. 2.3. A beam splitter evenly divides a low coherence light.
One of the beams travel along a reference optical arm with a movable reference mirror, and the
second beam travels along the sample arm with the sample to be imaged. Light wave reflected
by the reference mirror and the backscattered / back reflected light by the sample reach the beam
splitter where they interfere. From the interference signal, the detector captures an
interferogram. The difference between the distance light travels along the reference arm and the
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beam travels along the sample arm is known as the optical path difference (OPD) of the
interferometer.
In a fiber optic OCT system, low coherence light source is connected to a fiber optic coupler
that divides the optical power evenly into the reference and sample arms. [26] The fiber optic
coupler also collects the reflected light from the mirror in the reference arm and the sample in the
sample arm causing them to interfere. A photodetector detector records the interferogram
(intensity of interference) for various positions of the reference mirror. From the echo time delay
at each mirror position, the specimen depth is resolved and reflectivity of the specimen at the
corresponding depth is given by the intensity of the interference due to the corresponding mirror
position in the reference arm. Thus, the interferometer records the intensity of backscatter
proportional to the absorption and backscattering characteristics at a given depth vs. the sample
depth (calculated from the echo time delay). This is known as an a-scan given by the envelope
of the interference signal recorded. By scanning in transverse direction using a scanning
mechanism, two dimensional b-scans and volume scans of the specimen are generated. This is
the basic operational principle of a time domain OCT (TD-OCT).
2.3.1

Spectral Domain Optical Coherence Tomography (SD-OCT):

SD-OCT uses a continuous wave, low coherence broadband light source for imaging.
Instead of moving the reference mirror to resolve deeper tissue structure as in the TD-OCT, the
reference arm length is fixed in place. Instead of using a photodetector, a spectrometer captures a
full interference spectrum modulated by interferences between backscattered light from various
depths in the specimen and a beam from the fixed reference arm. [27]. Intensity of backscatter
and echo time delay from individual tissue locations are obtained by inverse Fourier transform of
the individual wavelengths in the interference spectrum.

7

Fig. 2.4 shows an example a-scan, b-scan and volume scan of the optic nerve head of a
porcine eye acquired using a commercial SD-OCT (Spectralis, Heidelberg Engineering, GmbH).

(c) Volume scan

(a) A-scan

(b) B-scan
Figure 2.4: Example spectral domain optical coherence tomography (SD-OCT) scan of the
optic nerve head of a porcine eye. A-scan (a) represents the backscatter as a function of the
tissue depth. B-scan (b) is comprised of multiple of a-scans and the volume scan (c) is
comprised of multiple b-scans by scanning in the transverse direction.
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3. LITERATURE REVIEW
Assessing vascular structure is an important diagnostic and disease management strategy in
many pathologies. Numerous research literature exists on the topic of automated vessel
extraction from various medical imaging modalities ranging from ultrasound, optical imaging to
magnetic resonance imaging. For vascular structure assessment using OCT, it is essential to
compensate for OCT signal attenuation due to structures such as blood vessels with high optical
absorption and/or scattering.
For extracting blood vessels network from the optical images of the retina, it is important to
understand the appearance of the optic disk, fovea, and blood vessels in optical images [28, 29].
In 1989, Chaudhuri et al. developed a two-dimensional matched filter to detect retinal blood
vessels from fundus photographs using a Gaussian matched filter [30]. In blood vessel detection,
one of the main challenges is edge detection, and it is also difficult to differentiate from other
vascular structures. For edge detection, quantitative design and performance evaluation
techniques have been used which actually works for sharp edges but does not work well when
noise is present in the images. [31] Gray scale morphological operations have been also used for
edge detection which works better than quantitative design and performance evaluation and work
mostly in the presence of salt-and-pepper noise [32] Another well-known method for reducing
noise is convolving original image with two dimensional Gaussian filter[33, 34]. Using the
spatial intensity changes in the retinal fundus images, edge detection techniques can also be used
to identify blood vessels through intensity changes [35]. For vessel tracking, unsupervised fuzzy
algorithm has been also used. This method can provide an initial vessel structures and vessel
profile for further processing. For detection of blood vessel measurement, fuzzy C-means
clustering algorithm is used with properly preprocessed data. [36]
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Three-dimensional vessel observed through computed tomography angiography has been
extracted through several adaptive steps namely thresholding, region growing, deformable
models and multiresolution model based operators [37]. Non-linear fitting technique has also
been used for vessel tracking in retinal images. [38] A neural network approach for vessel
detection was based approach with 7-D vector composed of gray-level and moment invariantsbased features [39]. Matched filter response is widely used for blood vessel detection in retinal
images. But matched filter responses also contained few non-vessel edges in addition to the
blood vessel measurements. [40-45]. Therefore, first order derivative of Gaussian filter is utilized
to get the edges of blood vessels. Differential filtering and morphological processing have been
utilized for identifying morphology, diameter, centerlines and branching of blood vessel [46, 47].
For vessel edge detection, sobel method [48], gradient operator [49], directional matched lowpass differentiator template [50] and optimized Canny’s detector [51] were proposed. Other
methods such as blurred half-elliptical vessel [40], simple rectangular vessel [52] have also been
proposed for blood vessels shape detection, though there are difficulties with these techniques.
Vessel measurement is difficult due to several factors such as lower vessel-tissue contrast,
tissue characteristics, light source, and modulation of transfer function. Second order Gaussian
filter are also suitable for vessel detection by detecting edges and vessel diameters. [53] Kalman
filter and extended kalman filter is also very popular for automated vessel tracking which is used
after getting estimation from matched filter but it faces challenges in the locations of vessel
branching. [54, 55]. In vessel detection, one of the main problems is overlapping non-vascular
structures and small vessels with low contrast. Therefore, vessel enhancement can improve small
vessels with low contrast condition along with overlapping structures. There are several
approaches for vessel enhancement. Some work at fixed scale and some work at multi scale

10

approaches. [56-58] Fixed scale approaches face some problems for vessel detection where
multiscale approach was found more efficient for vessel tracking. Multiscale approaches include
cores [59], steerable filters [60, 61] and accessing local variables by calculating eigen values and
eigen vectors of Hessian matrix. [62, 63]
OCT with its high axial and transverse resolution is a promising technique for non-invasive
imaging and assessment of retinal vascular structure. [64-67] Low coherent light propagating
through samples is attenuated due to scattering and absorption. Blood vessels also significantly
attenuate optical signal and therefore cast shadows below these high attenuating regions.
Attenuation coefficient represents the degree of loss of coherent light intensity due to
absorption and/or scattering. [68] Depth resolved attenuation coefficient estimates of the sample
may also be useful for enhanced visualization of the retinal structures. [69]
Other previous approaches to improving OCT image quality include Lucy-Richardson
deconvolution algorithm [70]; improving attenuation coefficient estimates from b-scans based on
automated estimates of confocal functions parameters of OCT image [71]; and quantitative
measurement of attenuation coefficients of weakly scattering tissue. [72]
Backscatter estimation is also an indirect approach to improve b-scan image quality as well
as to estimate tissue characteristics. [73] In addition, the backscatter function may enhance
feature detection using edge detection procedures. [74] Another approach to b-scan quality
improvement is based on separating attenuation from the scatter using retinal b-scan images. [75]
Earlier McDicken et al. used a conventional automatic gain control where amplifier gain was
maintained by the integrated derived signal for ultrasound applications. [76, 77] Hughes and
Duck developed an automatic compensation procedure assuming a linear relationship between
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attenuation and backscatter. [1] Further, Girard et al. successfully applied this procedure for OCT
attenuation compensation. [8]
Recently an automated, depth resolved estimation of attenuation has been proposed where
invertible mapping is used between the measured OCT intensity data and the attenuation
coefficient by Depth-Resolved Confocal (DRC) function. For accurate measurements of
attenuation coefficient in practical settings, confocal function and sensitivity fall-off were taken
into account. [78]
Another important reason for attenuation is due to system noise which hampers image
resolution and sometimes creates unnecessary details. Inverse filtering can be used to increase
high frequency noise component. As a result, signal to noise ratio will be lower at higher
frequencies. At higher frequencies, signal is weaker than noise. Considering noise, several
decomposition algorithms have been proposed. [79-84]
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4. METHODS
4.1. SUBJECTS AND DATASETS:
4.1.1

Fundus Photography of the Optic Nerve Head

Two dimensional stereo-photography (TRC-SS; Topcon Instruments Corp. of America,
Paramus, NJ) of the optic nerve head of fifty-five study eyes from the University of California
San Diego (UCSD) Diagnostic Innovations in Glaucoma Study (DIGS) were used for our 2-D
study of retinal vascular structure. The UCSD Institutional Review Board approved the study
methodologies, and all methods adhered to the Declaration of Helsinki guidelines for research in
human subjects and the Health Insurance Portability and Accountability Act (HIPAA).
4.1.2

OCT Data Collection:

(a)

(b)

Figure 4.1: Spectral Domain Optical Coherence Tomography (Spectralis, Heidelberg
Engineering, GmbH) setup for imaging porcine eyes. (a) The retina of the study eyes was
imaged either using an artificial cornea or keratoprosthesis or (b) isolated retinal tissues were
images using an 60D external maxfield lens with the tissue immersed in saline.
Three-dimensional scans of five porcine eyes were used in this study [43, 85]. Porcine eyes
were obtained (in PBS) from a USDA inspected meat processing facility within 4 hours after
13

harvesting. In the experimental eyes, the central cornea was trephined (8.5 mm), lens removed
and vitreous replaced (Intrector, Insight Instruments, Inc) rapidly with saline. The corneal
opening was sealed with a custom made 67 D keratoprosthesis that replaced the effective
refractive power of the eye. Eyes were mounted on a gimbal with 6 degrees of freedom of
movement. Spectralis SD-OCT (Heidelberg Engineering, GmbH) arrangement was modified to
allow continuous imaging of the optic nerve head in ex vivo porcine eyes. Volume scans were
obtained with a uniform A and B-scan resolution of 11 microns.

4.2. ATTENUATION OF OCT LIGHT TRANSMISSION:
As OCT signal propagates through a tissue, a small portion of it is converted into heat
through absorption while the rest scatters in multiple directions including scatter in the forward
and backward direction. The absorption and scattering properties of the sample is dependent on
the OCT light wavelength as well as the constitutive elements of the tissue. In the following
section, a brief outline of an OCT signal propagation model based on the ultrasound propagation
model [1], a currently available attenuation compensation procedure developed by Girard et al
[2] and an improvement to the attenuation compensation are presented.
4.2.1

OCT Light Propagation Model within a Tissue:

Let, 𝑥𝑥 represent any spatial location within the tissue; 𝑆𝑆(𝑥𝑥) represent OCT signal amplitude

at 𝑥𝑥. Light propagation through a tissue is governed by optical properties of its constitutive

elements. Let, 𝑎𝑎(𝑥𝑥) be an attenuation function representing the fractional loss of OCT signal
amplitude due to per unit distance travel through the tissue from location 𝑥𝑥 to 𝑥𝑥 + 𝛿𝛿𝛿𝛿.

Assuming that 𝛿𝛿𝛿𝛿 is small, the signal amplitude at 𝑆𝑆(𝑥𝑥 + 𝛿𝛿𝛿𝛿) can be approximated as [1]:
𝑆𝑆(𝑥𝑥 + 𝛿𝛿𝛿𝛿) = 𝑆𝑆(𝑥𝑥) − 𝑆𝑆(𝑥𝑥) 𝑎𝑎(𝑥𝑥) 𝛿𝛿𝛿𝛿

𝑆𝑆(𝑥𝑥 + 𝛿𝛿𝛿𝛿) − 𝑆𝑆(𝑥𝑥) = − 𝑆𝑆(𝑥𝑥) 𝑎𝑎(𝑥𝑥) 𝛿𝛿𝛿𝛿
14

(4.1)

𝛿𝛿𝛿𝛿 = −𝑎𝑎(𝑥𝑥) 𝑆𝑆(𝑥𝑥) 𝛿𝛿𝛿𝛿; dividing both sides by 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿

𝛿𝛿𝛿𝛿

= −𝑎𝑎(𝑥𝑥) 𝑆𝑆(𝑥𝑥); taking limit 𝛿𝛿𝛿𝛿 → 0

𝑑𝑑𝑑𝑑(𝑥𝑥)
𝑑𝑑𝑑𝑑

= −𝑎𝑎(𝑥𝑥)𝑆𝑆(𝑥𝑥)

(4.2)

From equation (4.2) we can get a first order differential equation governing the transport of OCT
signal within a biological tissue with an optical attenuation function 𝑎𝑎(𝑥𝑥).
𝑑𝑑𝑑𝑑(𝑥𝑥)
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑(𝑥𝑥)
𝑑𝑑𝑑𝑑

+ 𝑎𝑎(𝑥𝑥) 𝑆𝑆(𝑥𝑥) = 0

𝜇𝜇(𝑥𝑥) + 𝜇𝜇(𝑥𝑥)𝑎𝑎(𝑥𝑥)𝑆𝑆(𝑥𝑥) = 0 , where, 𝜇𝜇(𝑥𝑥) is an integrating factor

Let, 𝜇𝜇 ′ (𝑥𝑥) = 𝜇𝜇(𝑥𝑥) 𝑎𝑎(𝑥𝑥), where prime represents a derivative with respect to 𝑥𝑥. Then,
𝑑𝑑𝑑𝑑(𝑥𝑥)
𝑑𝑑𝑑𝑑

𝜇𝜇(𝑥𝑥) + 𝜇𝜇′(𝑥𝑥)𝑆𝑆(𝑥𝑥) = 0
′

�𝑆𝑆(𝑥𝑥) 𝜇𝜇(𝑥𝑥)� = 0, using product rule for derivatives

𝑆𝑆(𝑥𝑥) 𝜇𝜇(𝑥𝑥) = 𝐶𝐶, after integrating on both sides
𝐶𝐶

𝑆𝑆(𝑥𝑥) = 𝜇𝜇(𝑥𝑥)

(4.3)

Because 𝜇𝜇(𝑥𝑥) 𝑎𝑎(𝑥𝑥) = 𝜇𝜇′(𝑥𝑥)

𝜇𝜇′(𝑥𝑥) /𝜇𝜇(𝑥𝑥) = 𝑎𝑎(𝑥𝑥)
′

′

𝑑𝑑

1

𝑑𝑑

�𝑙𝑙𝑙𝑙 𝜇𝜇(𝑥𝑥)� = 𝑎𝑎(𝑥𝑥), since �𝑙𝑙𝑙𝑙 𝜇𝜇(𝑥𝑥)� = 𝑑𝑑𝑑𝑑 �𝑙𝑙𝑙𝑙 𝜇𝜇(𝑥𝑥)� = 𝜇𝜇(𝑥𝑥) 𝑑𝑑𝑑𝑑 𝜇𝜇(𝑥𝑥) =
𝑙𝑙𝑙𝑙 𝜇𝜇(𝑥𝑥) = ∫ 𝑎𝑎(𝑢𝑢)𝑑𝑑𝑑𝑑 + 𝑘𝑘 , integrating on both sides

𝜇𝜇(𝑥𝑥) = 𝑒𝑒 ∫ 𝑎𝑎(𝑢𝑢) 𝑑𝑑𝑑𝑑 + 𝑘𝑘 , taking exponential on both side
𝜇𝜇(𝑥𝑥) = 𝑒𝑒 𝑘𝑘 𝑒𝑒 ∫ 𝑎𝑎(𝑢𝑢)𝑑𝑑𝑑𝑑
𝜇𝜇(𝑥𝑥) = 𝑘𝑘 𝑒𝑒 ∫ 𝑎𝑎(𝑢𝑢)𝑑𝑑𝑑𝑑

Substituting 𝜇𝜇(𝑥𝑥) in equation (4.3),
𝑆𝑆(𝑥𝑥) =

𝐶𝐶

𝑘𝑘𝑒𝑒 ∫ 𝑎𝑎(𝑢𝑢)𝑑𝑑𝑑𝑑
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𝜇𝜇 ′ (𝑥𝑥)
𝜇𝜇(𝑥𝑥)

At 𝑥𝑥0 ,

𝑐𝑐

𝑆𝑆(𝑥𝑥0 ) = 𝑘𝑘 𝑒𝑒

𝑥𝑥
0

− ∫𝑥𝑥 0 𝑎𝑎(𝑢𝑢)𝑑𝑑𝑑𝑑

𝑐𝑐

𝑆𝑆(𝑥𝑥0 ) = 𝑘𝑘

∴ 𝑆𝑆(𝑥𝑥) = 𝑆𝑆(𝑥𝑥0 )𝑒𝑒

𝑥𝑥
0

− ∫𝑥𝑥 𝑎𝑎(𝑢𝑢)𝑑𝑑𝑑𝑑

(4.4)

Here, the OCT signal amplitude at any location 𝑥𝑥 within a tissue 𝑆𝑆(𝑥𝑥) is represented with respect
to the amplitude at a reference location 𝑥𝑥0 , 𝑆𝑆(𝑥𝑥0 ). Therefore, it can be observed from equation

(4.4) that a fraction of the reference signal 𝑆𝑆(𝑥𝑥0 ) proportional to the negative exponential of the
tissue attenuation function 𝑎𝑎(𝑥𝑥) will be lost while propagating from reference location 𝑥𝑥0 to 𝑥𝑥.

4.2.2

Model for OCT Signal Backreflected from the Tissue

Part of the OCT signal 𝑆𝑆(𝑥𝑥) at each location 𝑥𝑥 is backscattered in the direction of the

receiver. The level and magnitude of backscatter from a location is dependent on the optical
scattering properties of the tissue at that location. Let, 𝑏𝑏(𝑥𝑥) represent the backscatter function at
location 𝑥𝑥 indicating the proportion of OCT signal 𝑆𝑆(𝑥𝑥) backreflected at that location 𝑥𝑥, i.e.

𝑏𝑏(𝑥𝑥)𝑆𝑆(𝑥𝑥) is backreflected from location 𝑥𝑥 to the receiver at location 𝑥𝑥0 . Following the light

propagation estimation procedure described above, the transport of the backreflected light

𝑏𝑏(𝑥𝑥)𝑆𝑆(𝑥𝑥) from 𝑥𝑥 back to 𝑥𝑥0 can be modeled as a first order ODE whose solution provides the

equation governing the backreflected or backscattered light from 𝑥𝑥 reaching the receiver located
at 𝑥𝑥0 as follows:

𝑅𝑅(𝑥𝑥) = 𝑆𝑆(𝑥𝑥0 ) 𝑏𝑏(𝑥𝑥) 𝑒𝑒

𝑥𝑥
0

−2 ∫𝑥𝑥 𝑎𝑎(𝑢𝑢) 𝑑𝑑𝑑𝑑

(4.5)

where, 𝑆𝑆(𝑥𝑥0 ) is the amplitude of the original transmitted signal, 𝑏𝑏(𝑥𝑥) is the backscatter function
of the tissue, and the factor 2 in the exponent represents signal attenuation during forward

propagation and backscatter of the OCT signal.
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4.2.3

OCT Attenuation and Shadow Artificats:

From equation 4.5, it is evident that tissue locations with stronger attenuation will significantly
attenuate the OCT signal backreflected to the receiver. Figure 4.2 shows an example of the
effects of stronger OCT signal attenuation due to a blood vessel in the OCT signal path. It is
desirable to remove these shadow artifacts from the OCT scans to provide a uniform spatial
resolution of the tissue being imaged for diagnosis and management of ocular conditions.

(a)
(b)
Figure 4.2: A-scan (b) profile along a blood vessel location in the b-scan (a) illustrate the
effects of OCT signal attenuation by the blood vessel causing a shadow artifact in the b-scan
(a)
4.2.4

OCT Attenuation Compensation Procedure by Girard [2]:

To remove the shadow artifacts from ultrasound scans, Hughes and Duck [1] developed an
attenuation compensation procedure. To resolve all the tissue structure uniformly, Hughes and
Duck leveraged the fact that the signal received is governed by the spatial backscatter
characteristics of the tissue given by 𝑏𝑏(𝑥𝑥). Therefore, a direct estimate of the tissue’s

backscatter function 𝑏𝑏(𝑥𝑥) will provide superior tissue information in contrast to the received
signal 𝑅𝑅(𝑥𝑥) that is highly dependent on the signal attenuation. A brief description of the
17

procedure for estimating the tissue backscatter 𝑏𝑏(𝑥𝑥) is provided below as in Hughes and Duck
[1].

The received signal 𝑅𝑅(𝑥𝑥) is available from the ultrasound scanner as an a-scan and may be

affected by the tissue attenuation characteristics 𝑎𝑎(𝑥𝑥) as given in equation 4.5. In general, 𝑎𝑎(𝑥𝑥)
is unknown. Therefore, the attenuation 𝑎𝑎(𝑥𝑥) and backscatter 𝑏𝑏(𝑥𝑥) functions are assumed to be
linearly related.

𝑎𝑎(𝑥𝑥) = 𝐴𝐴 + 𝐵𝐵𝐵𝐵(𝑥𝑥), where 𝐴𝐴 and 𝐵𝐵 are unknown constants.

Substituting 𝑎𝑎(𝑥𝑥) in equation 4.5,

𝑅𝑅(𝑥𝑥) = 𝑆𝑆(𝑥𝑥0 ) 𝑏𝑏(𝑥𝑥) 𝑒𝑒

𝑥𝑥
0

−2𝐴𝐴𝐴𝐴−2𝐵𝐵 ∫𝑥𝑥 𝑏𝑏(𝑢𝑢) 𝑑𝑑𝑑𝑑

𝑅𝑅(𝑥𝑥) 𝑒𝑒 2 𝐴𝐴 𝑥𝑥 = 𝑆𝑆(𝑥𝑥0 ) 𝑏𝑏(𝑥𝑥) 𝑒𝑒

𝑥𝑥
0

−2 𝐵𝐵 ∫𝑥𝑥 𝑏𝑏(𝑢𝑢) 𝑑𝑑𝑑𝑑

From equation 4.6, the backscatter function 𝑏𝑏(𝑥𝑥) can be recovered as,
𝑏𝑏(𝑥𝑥) =

𝑅𝑅(𝑥𝑥)𝑒𝑒 2𝐴𝐴𝐴𝐴

∞
2𝐵𝐵 ∫𝑥𝑥 𝑅𝑅(𝑢𝑢) 𝑒𝑒 2𝐴𝐴𝐴𝐴

𝑑𝑑𝑑𝑑

(4.6)

(4.7)

where, 𝐵𝐵 is an arbitrary constant and can be assumed to be unity. The denominator term forms
the compensating signal

∞

𝐶𝐶(𝑥𝑥) = 2𝐵𝐵 ∫𝑥𝑥 𝑅𝑅(𝑢𝑢) 𝑒𝑒 2𝐴𝐴𝐴𝐴 𝑑𝑑𝑑𝑑

(4.8)

to compensate for attenuation.

Girard et al. [1] adapted the attenuation compensation procedure from Hughes and Duck to
remove shadow artifacts. One of the limitations of the compensating signal given in equation 4.8
is integrating the received signal 𝑅𝑅(𝑥𝑥) from 𝑥𝑥 to ∞. For example, in Fig. 4.2 b, this integral at a

deeper location will correspond to a very small value due to system noise. Therefore, division by
this low compensating factor may amplify the noise in those locations and hence the backscatter
function 𝑏𝑏(𝑥𝑥) may be less useful.
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4.2.5

Backscatter Estimation from the Integral Equation:

To overcome noise amplification in the deeper tissue locations, we reframed the governing
equation of the received signal in equation 4.5 in the form of an integral equation with an
exponential non-linearity as follows.
Taking logarithm on both sides of equation 4.5,
log 𝑅𝑅(𝑥𝑥) = log [𝑆𝑆0 𝑒𝑒

−2𝐴𝐴𝐴𝐴 ]

𝑥𝑥

+ log[𝑏𝑏(𝑥𝑥)] + � (−2𝐵𝐵)𝑏𝑏(𝑢𝑢)𝑑𝑑𝑑𝑑
0

Rearranging the unknown backscatter terms 𝑏𝑏(𝑥𝑥) on the left hand side,
𝑥𝑥

Let,

log 𝑏𝑏(𝑥𝑥) + ∫0 (−2𝐵𝐵)𝑏𝑏(𝑢𝑢)𝑑𝑑𝑑𝑑 = log

𝑅𝑅(𝑥𝑥) 𝑒𝑒 2𝐴𝐴𝐴𝐴
𝑆𝑆0

(4.9)

𝑘𝑘(𝑥𝑥) = log 𝑏𝑏(𝑥𝑥) ⇒ 𝑏𝑏(𝑥𝑥) = 𝑒𝑒 𝑘𝑘(𝑥𝑥)
𝑓𝑓(𝑥𝑥) = log

𝑅𝑅(𝑥𝑥) 𝑒𝑒 2𝐴𝐴𝐴𝐴
𝑆𝑆0

𝑔𝑔(𝑥𝑥) = −2𝐵𝐵

Substituting in equation 4.9,
𝑥𝑥

𝑘𝑘(𝑥𝑥) + � 𝑔𝑔(𝑢𝑢) 𝑒𝑒 𝑘𝑘(𝑢𝑢) 𝑑𝑑𝑑𝑑 = 𝑓𝑓(𝑥𝑥)
0

This is an integral equation of the unknown function 𝑘𝑘(𝑥𝑥) with exponential non-linearity

whose solution is readily available as follows (Sec. 5.4.1 in [86]).
𝑥𝑥

𝑘𝑘(𝑥𝑥) = 𝑓𝑓(𝑥𝑥) − log �1 + � 𝑔𝑔(𝑢𝑢) 𝑒𝑒 𝑓𝑓(𝑢𝑢) 𝑑𝑑𝑑𝑑�
0

Substituting the expressions of 𝑘𝑘(𝑥𝑥), 𝑓𝑓(𝑥𝑥)𝑎𝑎𝑎𝑎𝑎𝑎 𝑔𝑔(𝑥𝑥) and taking exponent on both sides,
𝑥𝑥

Backscatter 𝑏𝑏(𝑥𝑥) = 𝑅𝑅(𝑥𝑥) 𝑒𝑒 2𝐴𝐴𝐴𝐴 ��𝑆𝑆0 − 2𝐵𝐵 ∫0 𝑅𝑅(𝑢𝑢)𝑒𝑒 2𝐴𝐴𝐴𝐴 𝑑𝑑𝑑𝑑�
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(4.10)

In this study, we estimated the source signal amplitude for each a-scan 𝑅𝑅(𝑥𝑥) as 𝑆𝑆0 =

max[𝑅𝑅(𝑥𝑥)] + 10. To further minimize noise amplification and/or suppress noise artifacts, we
identified the bottom extent 𝑇𝑇 of the signal 𝑅𝑅(𝑥𝑥) in each a-scan using a cumulative sum

(CUSUM) based segmentation (or change point detection) approach [87] and evaluated the
integral in equation 4.10 with an upper tissue depth limit of integration 𝑇𝑇.

4.3. VESSEL ENHANCEMENT AND EXTRACTION USING FRANGI FILTER:
To extract vascular structure from 2D photographs of the retina and 3D OCT volume scans,
we first enhanced the vessel structure and estimated a probabilistic measure of vesselness in each
of the retinal locations using the Frangi filter [88]. A brief description of the operation of the
Frangi filter is given below.
Vascular structures in 2D and 3D can be detected by inspecting local curvature measures in
the images. Curvature information in images can be estimated using numerous directional filters
as in the matched filter approach [42]. Instead of probing the image data with various directional
filters, preferred orientation of curvature at a given location in the data can be directly identified
by eigen analysis of the local Hessian matrix containing second derivatives in the 𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑥𝑥𝑥𝑥, 𝑦𝑦𝑦𝑦,

and 𝑥𝑥𝑥𝑥 directions in 3D (a similar approach was also used for 2D). Using eigen analysis, specific
direction and magnitude of local curvature can be directly estimated based on the estimates of
curvatures in the standard 𝑥𝑥, 𝑦𝑦 and 𝑧𝑧 directions (given in the Hessian matrix for each data
location).

Fig. 4.3b shows an illustration of the eigenvalue decomposition of the Hessian matrix at a
given location. Eigenvectors corresponding to the largest eigenvalues correspond to directions
across a vessel and the eigenvector with the least eigenvalue correspond to the direction along a
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vessel because, in most cases, the local vessel curvature are lower along the vessel compared to
the curvature across a blood vessel.

(a)

(b)

Figure 4.3: (a) The second order derivative of a Gaussian kernel probes inside/outside contrast
of the range ( −σ , σ ). In this example σ = 1. (b) The second order ellipsoid describes the
local principal directions of curvature. Source: Frangi, et al. [88]
In case of two-dimensional vessel structures in retinal photographs, there are two eigenvalues
{𝜆𝜆1 , 𝜆𝜆2 } and for three-dimensional vessel structures, there are three eigenvalues {𝜆𝜆1 , 𝜆𝜆2 , 𝜆𝜆3 }.

Table 1 summarizes the characteristics of the eigenvalues in 2-D and 3-D with respect to the
geometry of the local structure present in the images.

Table 1 Eigenvalues and likely orientation of local curvatures in 2-D and 3-D. N = noisy, L =
Low, H = high and (+) and (-) indicates sign of eigen value. Source: Frangi, et al. [88]
2-D

3-D

Orientation pattern

λ1

λ2

λ1

λ2

λ3

N

N

N

N

N

Noisy, no preferred direction

L

L

H-

Plate-like structure (bright)

L

L

H+

Plate-like structure (dark)

L

H-

L

H-

H-

Tubular structure (bright)

L

H+

L

H+

H+

Tubular structure (dark)

H-

H-

H-

H-

H-

Blob-like structure (bright)

H+

H+

H+

H+

H+

Blob-like structure (dark)

Using the eigenvalues of the local curvature information, vesselness geometric ratios were
estimated as
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RB =

=

RA =

λ1
in 2-D
λ2
| λ1 |
in 3-D
| λ2 λ3 |
| λ2 |
in 3-D
| λ3 |

Second geometric ratio indicates the grayscale level which will always remain constant under
any type of intensity re-scaling. From here, we can state that our geometric ratio will only cover
geometric information of the image. If vessel structure is not brighter than background then the
response at a background pixel/voxel location is due to random noise. We eliminate the problem
by working on the properties of background image. Magnitude of the derivatives of background
image are less in our signal to noise ratios. To get rid of random noise response, we use the norm
of the hessian.
Frobenius norm of the Hessian matrix when expressed in terms of the eigenvalues provides a
clear indication of the degree of local curvature in an image. The vector norm S gives a
measure to test for the presence of a vessel in each location in the image.

=
S || =
H ||F

∑λ

j≤D

2
j

Using the geometric ratios and the vector norm of the local Hessian matrix, a probabilistic
measure of vesselness measure is provided by the Frangi filter as follows.
Vesselness measure in 2-D:

if λ2 > 0 
0


2
2
V0 ( s ) = 
RB
S

 exp(− 2 β 2 )(1 − exp(− 2c 2 ))



where β and c are thresholds which control sensitivity of line filter for measuring RB and S .
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Vesselness measure in 3-D:

if λ2 > 0 or λ3 > 0 
0


V0 ( s ) = 
RA 2
RB 2
s2

 ((1 − exp(− 2α 2 )) exp(− 2 β 2 )(1 − exp(− 2c 2 ))



where α , β and c are thresholds which control sensitivity of line filter for measuring RA , RB
and S .
4.3.1

Scale-space Analysis of Vascular Structure:

Frangi filter further employs scale-space theory to detect vessels of varying diameters by
estimating spatial derivatives of images I ( w) using separable Gaussian filters of varying scales
(or standard deviation) [89, 90]. Directional directives at various scales σ were computed by
convolving the input image I ( w) with corresponding directional second derivative Gaussian
filter.
d
d
I ( w, σ ) = σ γ I ( w) *
G ( w, σ )
dw
dw

Where,

G ( w, σ ) =

1
(2πσ 2 ) M /2

−

e

| x|2
2σ 2

𝑀𝑀 indicating the dimension of the Gaussian kernel (2 or 3)

γ is used in multiple scales analysis.
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5. RESULTS
The OCT attenuation compensation procedures were validated using: 1) numerically
simulated a-scans, 2) SD-OCT b-scans of porcine eyes and 3) SD-OCT volume scans of porcine
eyes. Vessel enhancement and extraction procedures were validated using 2-D photographs of
human retina as well as 3-D SD-OCT scans of porcine eyes. A detailed description of these
results are as follows. Attenuation compensation and vessel extraction algorithms were
implemented in Matlab. VolView software and Python with VTK libraries were used for 3D
volume visualization and surface rendering.

5.1. OCT ATTENUATION COMPENSATION:
For validating the attenuation correction procedure, a tissue structure was simulated with an
attenuation function a ( x) and a source signal amplitude of S ( x0 ) = 5 units. Using the OCT
signal propagation model given in equations 4.4 through 4.7, OCT signal S ( x) , received signal
R ( x) , compensating signal C ( x) and the estimated backscatter function b( x) were estimated.

Figure 5.1 shows the results of the attenuation compensation procedure for the simulated signal.
It can be observed the tissue attenuation a ( x) was fully recovered by the backscatter function
b( x ) .

Figure 5.2 shows the validation of the attenuation compensation procedure for an SD-OCT ascan (1D compensation). Compensation procedure by Girard et al. significantly amplified the
noise at the signal boundary and hence require adaptive spatial thresholding as shown in Fig.
5.2c. The modified procedure provides an optimal enhancement of the SD-OCT a-scan signal
throughout the spatial extent of the a-scan as shown in Fig. 5.2f. Attenuation compensation for
an SD-OCT b-scan and a volume scan are shown in Figures 5.3 and 5.4, respectively. Similar to
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the 1-D compensation procedure, the modified attenuation compensation procedure provided an
optimal and uniform compensation in both the axial and transverse spatial extents.
Figure 5.5 shows the results of the attenuation compensation procedure for the SD-OCT
volume scans of the optic nerve head and retina.
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a) Assumed signal attenuation 𝑎𝑎(𝑥𝑥)

b) Signal 𝑆𝑆(𝑥𝑥) propagation tissue

c) Log compressed signal 𝑆𝑆(𝑥𝑥)

d) Backscattered signal 𝑅𝑅(𝑥𝑥) at receiver

e) Log compressed signal 𝑅𝑅(𝑥𝑥)

f) Compensating signal 𝐶𝐶(𝑥𝑥)

g) Estimate of backscatter 𝑏𝑏(𝑥𝑥)

h) Log compressed backscatter

Figure 5.1: Validation of the OCT attenuation correction using a simulated signal 𝑆𝑆(𝑥𝑥)
propagating through a tissue with a simulated signal attenuation coefficient 𝑎𝑎(𝑥𝑥). With
𝑎𝑎(𝑥𝑥) = 𝑏𝑏(𝑥𝑥), we can recover the tissue backscatter 𝑏𝑏(𝑥𝑥) as 𝑏𝑏(𝑥𝑥) = 𝑅𝑅(𝑥𝑥) / 𝐶𝐶(𝑥𝑥)
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a) OCT b-scan. Red line indicates the location
of the a-scan used for illustrating the
attenuation compensation procedure.

b) Observed a-scan 𝑅𝑅(𝑥𝑥) from the
location shown in Fig. a)

c) Compensating signal 𝐶𝐶(𝑥𝑥) obtained from 𝑥𝑥
to ∞ integral

d) Compensating signal 𝐶𝐶(𝑥𝑥) from 0 to
𝑥𝑥 integral with constant 𝐴𝐴 = 0.001

e) Compensating signal 𝐶𝐶(𝑥𝑥) from 0 to
𝑥𝑥 integral with constant 𝐴𝐴 = 0

f) Backscatter 𝑏𝑏(𝑥𝑥) based on maximum
signal among Figs. b), d), and e)

Figure 5.2: Validation of the OCT attenuation correction procedure using SD-OCT a-scans of
a porcine eye. (f) Backscatter 𝑏𝑏(𝑥𝑥) significantly improves over (b) the received signal 𝑅𝑅(𝑥𝑥)
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a) Observed SD-OCT b-scan

b) Backscatter with compensating
integral from x to ∞

c) Backscatter with compensating integral
from 0 to 𝑥𝑥 and 𝐴𝐴 = 0.001

d) Backscatter with compensating
integral from 0 to 𝑥𝑥 with 𝐴𝐴 = 0

e) Backscatter as maximum local response
among Figs. a), c), and d)

Figure 5.3: Validation of the attenuation correction procedure using SD-OCT b-scans of a
porcine eye. (e) Backscatter 𝑏𝑏(𝑥𝑥) significantly improves over (a) the received signal 𝑅𝑅(𝑥𝑥) in
both inner and outer retinal regions. (b) Poor compensation for attenuation was observed
when the compensating signal calculation was based on integral through the full image depth
(x = ∞).
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(a) Original SD-OCT scan

(b) Compensation using Girard et al

(c) Modified compensation with A = 0.001

(d) Modified compensation with A = 0

(e) Modified compensation combining (a),
(c) and (d)
Figure 5.4: Attenuation correction for a 3D SD-OCT scan. (b) Girard et al procedure
significantly amplified the noise near the signal boundary and hence the scan was not rendered.
Using the modified procedure, it can be observed that constant A = 0.001 (c) enhances the deeper
structures while losing signal strength in the anterior region; while A = 0 (d) enhances the whole
depth equally. Combining the signal strength from the original signal (a), and modified
procedures (c, d) provides an optimal attenuation correction at all depths (e).
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a) Optic nerve head scan

b) Corrected optic nerve head scan

c) Retinal scan

d) Corrected retinal scan

Figure 5.5: Examples of attenuation correction in 3D SD-OCT volumes of the optic nerve
head (a) and retina (c) using the modified attenuation compensation procedure (b, d)
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5.2. VESSEL EXTRACTION (2-D) FROM 2-D RETINAL PHOTOGRAPHS OF ONH:
Figures 5.6 and 5.7 show the 2-D vascular structure enhanced and extracted using the Frangi
filter from 2D photographs of the optic nerve head of human subjects from the UCSD Diagnostic
Innovations in Glaucoma Study. For scale-space analysis, pixel standard deviations ranging
from 1 to 6 pixels were used. In some eyes, there were false positive vessel identification at the
optic disk boundaries.
2-D Photograph of ONH

Vesselness Measure

Vessel mask

Figure 5.6: Retinal vasculature of the optic nerve head of human subjects enhanced and
extracted using the Frangi filter
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2-D Photograph of ONH

Vesselness Measure

Vessel mask

Figure 5.7: Retinal vasculature of the optic nerve head of human subjects enhanced and
extracted using the Frangi filter
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5.3. VESSEL EXTRACTION (3-D) FROM OCT DATA:

a) SD-OCT scan after attenuation compensation using the modified procedure

b) 3-D vessel extraction from OCT data
c)
Figure 5.8: Major retinal vascular structure extracted using the Frangi filter (b) from the SDOCT optic nerve head scan (a) of a porcine eye
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Figure 5.8 shows an SD-OCT scan of a porcine eye and the geometry of the major retinal
vessels extracted after enhancing the vascular structure using Frangi filter. For this example eye,
a scale of 40 was used to identify the vascular structure. Further, a vesselness threshold of 0.2 was
used to extract the 3D vessel mask (Fig. 5.8 b) of the retinal vascular structure.
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6. CONCLUSION
In this study, we have presented a modified attenuation correction procedure to compensate
for OCT signal attenuation in tissues due to high optical absorption and/or scattering in the
locations with retinal blood vessels and collagenous structures such as the lamina cribrosa of the
retina. The attenuation correction procedure developed by Girard et al. highly amplifies the
noise near the signal boundary and therefore requires adaptive spatial thresholding of the
compensated data. By directly solving the integral equation with exponential non-linearity that
govern the OCT light transport in tissue, the modified procedure presented in this study
significantly minimizes noise amplification near the signal boundaries. Because of the adaptive
nature of the attenuation compensation, the modified procedure is suitable for SD-OCT scans of
the retina, optic nerve head as well as scans of the anterior segment of the eye.
Based on our observations, Frangi filter is suitable for extracting retinal vascular structure
from both 2-D photographs and 3-D SD-OCT volume scans. Due to poor vessel contrast in the
SD-OCT scans, it still remains a challenge to fully extract the vascular network using the Frangi
filter. Future work may combine the results of the Frangi filter with a shape tracking algorithm
to extract a more robust and complete vascular network of the retina. Both the attenuation
compensation and blood vessel extraction techniques presented in this work are likely to be
useful for automated analysis of optical images of the retina for aiding diagnosis and
management of Glaucoma, diabetic retinopathy, and other neovascular diseases of the eye.
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